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Abstract. The Organic Concentrator is considered one of the most efficient methods in 
attempt to provide lower costs of solar cells and photovoltaic power. In this experiment, 
our main goal was to improve the initial efficiency of crystalline solar cells. The method 
we used was fabricating solar cells with the specific area and integrating them onto the 
edges of the organic concentrator. Our observations are interpreted by theoretical 
studies.                            
Keywords: Organic concentrator, crystalline solar cells, Si wafers, I-V characterization,     
                            external quantum efficiency.  
 
 
1. Introduction: general guidelines 
Solar energy is the most available renewable energy on Earth and it is becoming more widely 
used to generate electrical power all around the world due to its environmental, economical and 
strategic benefits. Photovoltaics (PV) and the solar thermal generators are two main 
technologies used to convert solar energy into electricity. 
 
Photovoltaic (PV) solar cells are considered the most sustainable and promising alternative to 
the fossil-fuel based technologies. PV cells directly convert solar energy into electrical power 
through the absorption process. The process takes place in a solid state device, which is 
commonly fabricated by semiconductors [1]. The most widely used solar cell type is Si wafer 
based solar cells, with more than 85% market share. This is partly due to the fact that Si 
technology is well known in microelectronic industry. However, the recent growth in solar-cell 
production has noticeably increased the demand for silicon in photovoltaic industry, which 
today exceeds the demand for silicon in microelectronic industry. Consequently, the 
photovoltaics industry has been forced to use insufficient off-specification silicon material 
available on the market or the prime-grade material at a higher cost [2]. 
 
There are many different approaches to make solar cells inexpensive, and hopefully one of them 
will be successful. The cost of photovoltaic power can be reduced with organic solar 
concentrators. The unconventional methods to exploit monocrystalline silicon and other 
established materials in photovoltaic (PV) systems could create new engineering opportunities, 
device capabilities and cost structures [3]. 
 
To give a brief insight into our experiment, we shortly represent steps which brought us to the 
results presented in the Master Thesis. First, we fabricate crystalline solar cells with a specific 
area and we determine their characteristics. Only few laboratories in the world can fabricate 
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them in that size, and the goal was successfully achieved. Second, we create organic 
concentrator, determine its characteristics, and assemble crystalline solar cell and organic 
concentrator. Purpose of doing that was to increase the efficiency of solar cells with the organic 
concentrator. The results we obtained will be explained at the end of the presentation. 
 
2. Crystalline solar cells 
 
2.1.Introduction 
A solar cell, or photovoltaic cell (PV), is a device that converts light into electric current using 
the photoelectric effect. The photoelectric effect refers to the emission, or ejection, of electrons 
from the surface of, generally, a metal in response to incident light, producing a small current 
flow through the metal [4]. The incident light contains the energy, which is passed to electrons 
of the metal’s surface, allowing them to move around and produce the current [1]. However, not 
all frequencies of light affect metals in this manner. Only short wavelengths can produce the 
current flow. No matter how intense the red light is, it will not produce a current in a metal, but 
even a very dim blue light will result in a current flowing [4]. 
 
Crystalline silicon solar cells are wafer based technologies which are considered the first 
generation solar cells. Wafer based silicon solar cells have reached more than 24% cell 
efficiency using different metallization and doping designs. 
 
2.1.1. Basic structure of crystalline solar cell 
To produce a solar cell, the semiconductor has to be doped. "Doping" can be done either with 
positive charge carriers (p-type material) or negative charge carriers (n-type material). Those 
two ties form a p-n junction close to the front surface. A p type crystalline wafer is doped with 
group V elements (commonly phosphorous) and n-type is doped with group III elements 
(usually boron). In a non-doped single crystalline silicon lattice, which is called intrinsic Si, 
each Si atom shares four valance electrons with its neighboring Si atoms [1]. When the impurity 
atom with three or five valance electrons replaces a Si atom in the lattice, the electronic 
behavior of the crystal is changed. If the new impurity atom has five valance electrons, four 
valance electrons will be shared with neighbors and one excess electron will be free to move in 
the lattice [1]. This type of material where the majority charge carriers are electrons is called n 
type material. If the impurity atom has three valance electrons, there will be one electron 
missing in the covalent bonds of the Si atoms. This unoccupied state of electron is called a hole 
and this type of material where the charge carriers are holes are called p type materials. 
 
When n type and a p type material are brought together, one electron will flow from n type 
material to p type material and one hole will flow from p type material to n type material due to 
concentration gradient [5]. However, since both regions were electrically neutral initially, the 
electrons passing to the p type material leave positive ions behind in the n region and holes 
passing to the n type material will leave negative ions in the p region. Depletion region is 
formed at the junction plane which is populated with the electric dipole [6]. Therefore there will 
be a built-in electric field inside the p-n boundary pointing from n region to p region. 
 
Metal contacts are attached to the top and the bottom surface in order to extract the current. The 
front surface contacts are in grid formation, to enable light absorption in the p-n junction. The 
back side is fully metalized for the better charge collection. The anti reflective coating enhances 
light absorption by decreasing the reflectance of the front side. In figure 1 the structure of basic 
crystalline solar cell is shown. 
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Figure 1. Basic structure of crystalline solar cell. 
 
2.2.Fabricatin of crystalline solar cells 
The whole process of fabrication can be divided into several steps: 
 Chemical cleaning the starting wafers/pre diffusion cleaning; 
  Etching wafers surfaces and phosphorous diffusion; 
 Metallization; 
 Anti-reflective coating. 
2.2.1. Pre diffusion cleaning  
We started the process with the chemical cleaning in order to remove all organic or inorganic 
contaminants and the natural oxide that may appear on the wafer surface. We used so-called 
RCA1 and RCA2 cleaning steps. RCA1 clean is used to remove organic residues from silicon 
wafers [7], and RCA2 clean removes metal ions from silicon wafers [8]. After both processes 
are finished, an oxide layer grows on the surface. Each time, oxide layers were removed by a 
1:4 HF: DI water solution. The whole removal process lasts 30 seconds and it is obtained at the 
room temperature. At the end of the cleaning process, the wafers were rinsed in distilled water, 
and then dried in a centrifugal drier. After that, wafers were ready for the second step. 
 
2.2.2. Etching wafers’ surfaces and phosphorous diffusion 
Before the phosphorous diffusion, the etching wafers’ surfaces were done by lithography. The 
next major step of the process is the diffusion of the cell junction. The goal of this step is the 
formation of the p-n junction across the wafer so that created electron-hole pairs can be 
separated to generate the current. Crystalline Si is doped at high temperature (850 °C), for 30 
minutes, and the doping atoms diffuse into the material due to the concentration gradient. 
After the diffusion process, RCA cleaning was used again. 
 
2.2.3. Metallization 
Metal contacts are applied to the top and bottom surfaces to extract the current. The top surface 
requires a fine-line metal grid to maximize the surface area that is exposed to the Sun, while 
back side is fully covered. The contacts must be very thin (at least in the front) so that it does 
not block the sunlight to the cell. In this step, we used e-beam evaporation systems. In order to 
form a metal grid pattern on the front surface we used titanium/palladium/silver. The e-beam 
evaporator operated at 10-5 mbar pressure and with an evaporation rate of 15Å/s. The process 
was stopped when the film thickness had reached about 1-2μm. The wafers were then annealed 
at 350°C for 15 min under 2N  flow. After this process the coated top sides of the wafers were 
baked at 115°C for 20 minutes. The wafers were then loaded into the lithography system where 
they were exposed to the UV light for 10 seconds through a glass mask with the desired 
metallization pattern. Metal remains were etched away in acetone and propanol until Si can be 
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recognized clearly and then wafers were rinsed and dried again to get ready for the back contact 
metallization.  
Metalization of the aluminum deposit on the rear side was done with the sputtering process for 
40 minutes in the chamber. 
 
 2.2.4. Anti-reflective coating 
Pure silicon is very shiny and because of that it can reflect up to 35 percent of the sunlight. To 
reduce the amount of sunlight lost, an anti-reflective coating is put on the silicon wafer. In this 
part of the experiment, thin film 43 NSi layer with refractive index 2.00 was deposited on Si 
wafers by Plasma Enhanced Chemical Vapor Deposition (PECVD). In a PECVD system, 
43 NSi  (silicon nitride) deposition is carried out by decomposition of the gases 4SiH  and 3NH
at relatively low temperatures (200-300°C). 
 
2.3. Discussion 
All the steps related to the crystalline solar cell preparation were successfully completed in the 
clean room. We created two types of collar cells, both of them had the same length of 1,96 cm , 
the main differences was the width. The “bigger cell” is 3,6 mm  and the “smaller one” is 1,6 
mm . Perimeter cutting for the bigger cell was done in 2 cm  x 4 mm  and for the smaller one in 
2 cm x 2 mm .  
 
3. Characterization of crystalline solar cells 
The characterization of crystalline solar cells was done by the current-voltage (IV) 
characterization and external quantum efficiency (EQE). 
 
3.1. Theory 
When there is no light present to generate any current, the PV cell behaves like a diode.  As the 
intensity of incident light increases, current is generated by the PV cell. 
Although the illuminated current shifts the I-V curve in the negative direction, conventionally 
the I-V curve of the solar cells is mirrored along the horizontal axis and shown as in igure 2. 
 
 
Figure 2. I-V curve of a Solar Cell. 
 
Short Circuit Current 
The short circuit current scI  corresponds to the short circuit condition when the 
impedance is low and is calculated when the voltage equals 0 [4]. 
   
Open Circuit Voltage  
The open circuit voltage ocV  occurs when there is no current passing through the cell 
[4].  
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Efficiency 
Efficiency is defined as a ratio of the power output of the solar cell to the power input of the 
solar cell [1]. At AM1.5 conditions, the power incident on a solar cell is about 1000
2Wm . 
Therefore the efficiency can be defined as: 
                                
2
max
/1000 mW
P
                                          (1) 
 
The maxP  is the max power output of the solar cell. The voltage at maxP  is defined as mpV  and 
current at maxP  is defined as mpI  . For an ideal solar cell, the maxV  will be equal to ocV  and 
maxI will be equal to scI  therefore the I-V curve will have a perfect rectangular shape (Figure 3) 
[4]. 
 
Figure 3. I-V and Power curve of a solar cell. 
 
External quantum efficiency 
EQE  is the ratio of the number of charge carriers collected by the solar cell to the number of 
photons of a given energy shining on the solar cell from outside (incident photons) [6]. The 
quantum efficiency ideally has a square shape, where the EQE value is fairly constant across the 
entire spectrum of wavelengths measured. However, the EQE for most solar cells is reduced 
because of the effects of recombination, where charge carriers are not able to move into an 
external circuit. 
 
3.2. Results 
I-V characteristics of the solar cells were measured with PC via Matlab. The connection 
between the sample and the source meter were formed by two probes from the front fingers and 
a plate from the back side of the cell. For the better and easier measurement we stick back 
surface of a solar cell to Al film, so we obtain better contact between cell and probe. 
The results that we obtained are shown in the figure 4. 
 
 
Figure 4. Illuminated, filtered and dark I-V curve of solar cells. 
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As we can see the dark I-V curves exhibited typical diode behavior. When the sample was 
illuminated, the I-V curve shifted along the vertical axis, showing the photovoltaic effect in the 
devices. Efficiency that we measured was 5,2% for the both type of cells. 
          
For the external quantum efficiency (spectral response) setup consisted of a halogen light source, 
a monochromator controlled with a PC, a high pass filter to avoid second harmonics, a source 
meter and a PC. Since the power density output of the monochromator was measured before, the 
power incident on the surface of the cell could be calculated simply by multiplying the area of 
the cell with the power density at that wavelength. Then after simple calculations, the number of 
photons incident on the cell surface at each wavelength is found. The measurements of source 
meter yielded the current output at each wavelength which gave the number of electrons 
collected. Finally, the quantum efficiency is calculated by using the relation: 
EQE = number of carriers collected / the number of photons incident. 
 
 
Figure 5. EQE for the crystalline solar cells. 
 
In the Figure 5, it is obvious that solar cells have the most intense spectral response in the 
visible region. 
 
4. Organic concentrator  
The main use of the organic concentrator is to increase the solar cell efficiency. There are 
several ways of doing that. Some of them rely on using geometrical considerations as a way to 
concentrate the light onto the solar cells. Others rely on using molecules as down-shifting and 
up-conversion. 
1. Using down-shifting concept: When molecules are illuminated they transform the wavelength 
of the incident light to higher wavelengths (lower energy). One photon of energy A impacts the 
down-shifting molecule and a photon of lower energy B (energy photon B < energy photon A) 
is emitted. This process is called photoluminiscence of a molecule. It is relatively easy to find 
molecules with down-shifting properties. 
2. Using up-conversion concept: When molecules are illuminated transform the wavelength of 
the incident light to lower wavelengths (higher energy). One photon of energy A impacts the 
up-conversion molecule and a photon of higher energy B (energy photon B > energy photon A) 
is emitted. The up-conversion process is very unlikely to happen. 
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4.1. Configuration of organic solar concentrators 
There are several configurations of the organic solar concentrator. In our case, as starting point 
we used a simple configuration (Figure 6). 
 
Figure 6. Configuration of organic concentrator. 
 
It consists of a thin film of organic dyes deposited on high refractive index glass substrates. The 
dyes absorb incident solar radiation and re-emit it at a lower energy. Approximately 80% of the 
re-emitted photons are trapped within the waveguide by total internal reflection for the ultimate 
collection by a PV device mounted on the substrate edges. The light transmitted through the 
first OSC can be captured and collected by a second OSC whose dyes absorb and emit light at 
lower energies for electrical conversion at a second, lower band gap PV device.  
Polymer that was used to create organic concentrator was europium/thenoyltrifluoroacetone 
(TTA)/1,10phenanthroline. )()( 3 PhenTTAEu  
emits its electroluminescence in red region with 
maximum emission at around 613 nm . The optical absorption spectrum of )()( 3 PhenTTAEu
shows a strong absorption band of the wavelength between 320 nm  and 350 nm  [9]. 
 
Figure 7. UV/Vis absorption and photoluminescence (PL) spetra of )()( 3 PhenTTAEu . 
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Molecules of )()( 3 PhenTTAEu with the parallelepiped-shape and narrow side were put inside 
the organic concentrator. The solar cell was placed on the edge (Figure 8). When we illuminate 
OC, all the illumination impacts the big area of the parallelepiped and transforms it in a visible 
light that should be collected by the solar cell. The area of this solar cell is clearly smaller than 
the area of a solar cell that would cover the area of the parallelepiped 
 
.  
Figure 8.Ensemble of crystalline solar cell and organic concentrator. 
 
We used the same principle that we have used before to calculate I-V characteristic and EQE of 
this ensemble. 
 
4.3. Results and discussion  
The final results unfortunately were not as we expected. When we look at the illuminated curve 
and the dark I-V curve of organic concentrator and the solar cell ensemble (Figure 9), it shows 
us that this ensemble is not working even when it has a perfect curve. The difference between 
the dark and illuminated curve is insignificant. 
 
 
Figure 9. Illuminated and dark I-V curve of organic concentrator and solar cell ensemble. 
 
When we illuminate the organic concentrator/solar cell ensemble  at 400 nm  we expect an 
increase of the solar cell EQE, due to the emission (photoluminiscent) at 612 nm (Figure 10). In 
our case, what we observe (Figure 11) is the opposite. The quotient between 500 nm  and 900 
nm  is almost constant (as expected), but quotient at lower wavelengths (between 300 nm  and 
500 nm ) is much lower. 
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Figure 10. EQE of solar cell, measured directly, and using organic concentrator. 
 
 
Figure 11. Quotient between both EQE (previous graph). 
 
It is quite complicated to explain these results, but our hypothesis is that between 300 nm  and 
500 nm  the organic concentrator absorbs most of the light (see figure 7).The extra emission at 
612 nm  is not enough to compensate this absorption. 
The system could be improved if we combine down-shifting and up-conversion molecules at the 
same time inside the organic concentrator. 
 
5. Conclusion 
Photovoltaic conversion has become one of the most promising alternatives to the electric 
power production due to its clean nature, low maintenance costs and long term stability. Despite 
all that, the manufacturing and installation of solar cells is still very expensive. Therefore, the 
price of solar power is still pretty high. One of the solutions for this problem is the organic 
concentrator. The OC manufacturing process is straightforward, and significantly less expensive 
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than the manufacturing process of the traditional solar cells. OC can be made in many shapes 
and sizes, whereas the sizes of silicon solar cells are standardized. Also, OPV technology works 
with indirect illumination, which decreases the efficiency or intensity of silicon solar cells 
dramatically because the light is not directly incident. 
In the first part of this thesis we have experimentally demonstrated the basic structure with all 
production and characterization steps of crystalline solar cells. In the second part we attempted 
to increase efficiency of solar cells with the organic concentrator, but experiment didn’t produce 
results we hoped for. However, we still believe our goal will be successfully achieved with the 
further research and experimental practices.  
 
References 
[1] Green A M 1982 SOLAR CELLS: Operating Principles, Technology and System 
Application , (Prentice-Hall, New Jersey) 
[2] Fraas L, Partain  L 2010 Solar Cells and Their Application (John Wiley & Sons),Inc., 
Hoboken, New Jersey) 
[3] Markvart T, Castaner L 2005 Solar Cells Materials, Manufacutre and Operation (Great 
Britain) 
[4] Wurfel P 2009 Physics of Solar Cells from Basic Principles to Advanced Concepts 
(WILEY-VCH GmbH & Co. KGaA. Weinheim) 
[5] Markvart T Castaner L 2003 Practical handbook of photovoltaics fundamentals and 
applications (Elsevier Science Ltd, The Boulevard, Langlord Lane, Kidlington, Oxford OX5 
1GB, UK) 
[6] Luque A Hegedus S 2011 Handbook of  photovoltaic science and engineering (John Wiley 
& Sons Ltd, The Atrium, Southern Gate, Chiester, West Sussex, PO19  8SQ, United Kingdom) 
[7] Bachmann M 1999 Standard Operatin Procedures, RCA-1 Sillicon Wafer Cleaning, Univ. of 
California, Irvine 
[8] Bachmann M 2002 Standard Operatin Procedures, RCA-2 Sillicon Wafer Cleaning, Univ. of 
California, Irvine 
[9] Myung-Ho Lee Sang-Woo Pyo Han-Sung Lee Jong Sun Choi Jung-Soo Kim 1998 Thin 
Film Light Emitting Devices Using )()( 3 PhenTTAEu Complex, Korea Polzmer Journal, Vol.6, 
No.4, pp 329-332 
 
